Increased NPY gene expression in the dorsomedial hypothalamus (DMH) has been shown to cause 14 hyperphagia, but the pathway underlying this effect remains less clear. Hypothalamic neural systems 15 play a key role in the control of food intake, in part, by modulating the effects of meal-related signals, 16 such as cholecystokinin (CCK). An increase in DMH NPY gene expression decreases CCK-induced satiety. 17
hyperphagia is present. A raise in DMH NPY gene expression causes an increase in meal size (43) and has 48 been shown to reduce CCK-induced satiety (43). However, our understanding of the pathways by which 49 DMH NPY modulates the behavioral efficacy of feeding-related sensory feedback, such as CCK, is limited. 50 CCK is released in response to a meal and activates vagal afferent neurons to promote meal 51 termination. Vagal afferent neurons terminate in the NTS where activation of catecholaminergic 52 neurons has been shown to be critical for CCK action (35) . Exogenous CCK injections induce c-Fos 53 immunoreactivity in tyrosine hydroxylase (TH) expressing neurons within the NTS (27) . TH is the 54 rate-limiting enzyme in catecholamine biosynthesis, and changes in TH activity have been shown to 55 regulate catecholamine synthesis (26) . TH activity is regulated by phosphorylation. Phosphorylation at 56 Ser31 and Ser40 have been shown to increase enzymatic activity and neurotransmitter release (26). TH 57 phosphorylation has been directly related to catecholamine neuronal activity. For instance, in rats, 58 cocaine infusion led to TH phosphorylation of ventral tegmental area (VTA) neurons associated with 59 dopamine release and pharmacological inhibition of TH phosphorylation resulted in a decrease in 60 extracellular dopamine (45) . Additionally, hypotension and glucoprivation led to TH phosphorylation, 61 increase in TH activity and c-Fos expression in several catecholaminergic brain areas in rats, including 62 the brainstem leading Damanhuri et al to conclude that serine phosphorylation of TH was a highly 63 sensitive measure of neuronal activity (11) . Exogenous CCK injections trigger TH phosphorylation in the 64 NTS, and specific lesions to TH neurons blunt CCK-induced satiety (1, 36) . Moreover, the ability of CCK to 65 decrease food intake is correlated with the number of viable NTS TH neurons (35) . Exogenous CCK 66 injections trigger ERK activation in NTS TH neurons and TH phosphorylation (1). CCK-induced TH 67 phosphorylation is ERK-dependent (1) and ERK activation has been shown to mediate CCK-induced 68 satiety (39) . Taken together, these data indicate an important role for TH phosphorylation in mediating 69 CCK action. Because the NTS dendrites that contain NPY receptor 1 (Y1-r) also express TH (17), we 70 hypothesized that DMH NPY neurons project to the NTS and can affect CCK-induced satiety via 71 modulation of NTS catecholaminergic neuronal signaling. 72
We used an adeno-associated virus (AAV) system to manipulate DMH NPY gene expression in 73 rats to examine this pathway. AAV-mediated overexpression of DMH NPY resulted in a decrease in NTS 74 TH expression and reduced exogenous CCK-induced satiety. Knockdown of DMH NPY produced the 75 opposite effects. AAV-mediated hrGFP anterograde tracing revealed that DMH NPY neurons project to 76 the NTS; the projections were in close proximity to catecholamine neurons and some contained NPY. 77 When administered directly into the 4 th ventricle of intact rats, NPY limited CCK-induced satiety and 78 overall TH neuronal activation. Together, these results demonstrate that DMH NPY descending signals 79 affect CCK-induced satiety, at least in part, via modulation of NTS catecholaminergic neuronal signaling. Male Sprague-Dawley rats (307 g ± 9g; Charles River Laboratories International) were single housed in 86 hanging wire mesh cages and maintained on a 12 hours light/dark cycle in a temperature-controlled 87 room. They had ad libitum access to tap water and standard laboratory rodent chow (15.8% fat, 65.6% 88 carbohydrate, and 18.6% protein in % kcal; 3.37 kcal/g; Prolab RMH 1000, PMI Nutrition International). 89
For experiment 1, we used the recombinant AAV vector to either overexpress or knock down NPY gene 90 expression specifically in the DMH (n=6-8/group). Feeding response to exogenous CCK was examined in 91 these animals. DMH NPY (via in situ hybridization) and NTS TH gene expression (via RT-PCR) were 92 quantified in the same rats (n=-4-6/group). Another group of AAV injected animals (AAVGFP) were used 93 to examine DMH NPY projections via AAV-mediated hrGFP expression in combination with NPY-and TH-94 immunohistochemistry in the NTS (n=3). 95
For experiment 2, TH neuron activation in response to CCK (n=6) or saline (n=3) was performed in an 96 additional group of naïve animals. 97
For experiment 3, twelve rats were successfully equipped with 4th ventricle cannula. Ten of these 98 animals were used to determine food consumption in response to CCK following intracerebroventricular 99 (icv) NPY through the 4th ventricle. At sacrifice, animals were split into two groups and received 4th 100 ventricle injection of either saline (n=6) or NPY (n=6). Subgroups were treated with i.p. saline (n=3) or 101 CCK (n=3). All procedures were approved by the Institutional Animal Care and Use Committee at The 102 Johns Hopkins University. 103 104 Experiment 1 105
AAV-mediated vector 106
Recombinant viral vectors AAVNPY (AAV-mediated NPY gene expression), AAVGFP (control), AAVshNPY 107 (AAV-mediated shRNA for NPY knockdown) and AAVshCTL (control) were prepared using the AAV 108
Helper-Free System (Statagene) as described in (43) and (9). Virus titers were determined using 109 quantitative PCR and ∼1 ×10 9 particles/site were used for each virus injection. Animals were randomly 110 assigned to bilateral DMH injections with coordinates: 3.1 mm caudal to bregma, 0.4 mm lateral to 111 midline, and 8.6 mm ventral to skull surface (34) at a rate of 0.1 μl/min for five min-and the injector 112 remained in place for additional five min before removal (n=6-8/group). At the end of experiments, after 113 euthanasia, coronal sections (12 μm) through the hypothalamus were prepared, and the sections 114 containing hrGFP expression were examined on a Zeiss Axio Imager (Carl Zeiss MicroImaging, Inc.) . 115
Levels of NPY mRNA expression in areas of the DMH and the arcuate nucleus (ARC) (3.0-3.5 mm 116 posterior to bregma (34)) were examined using in situ hybridization with 35S-labeled antisense 117 riboprobes of NPY as previously described to confirm overexpression or knockdown of DMH NPY (9, 43) . 118 119 Measure of CCK-induced satiety 120 Animals were habituated for at least four consecutive days to (i.p.) injection and to a feeding schedule in 121 which food was removed from the cages two hours prior to dark onset and returned to the cages just 122 before lights off. 123
On the experimental day, animals were fasted two hours prior to dark onset and randomly divided into 124 two groups. One group received a CCK injection (CCK-8S; 3.2 nmol/kg i.p.; Bachem); the other group received a saline injection. Food was returned to the cages, and food intake was measured 30 min later. 126
Two days later, animals received a second injection with either saline or CCK (3.2 nmol/kg i.p.) in a 127 counterbalanced order. Food intake was measured 30 min after injection. Each animal served as its own 128 control. 129
TH expression 131
Brainstems were sliced via cryosection (CM1900, Leica Biosystems) until apparition of the central canal 132 (Plate 76-78 of the Paxinos and Watson Rat Brain Atlas (34)) and individual NTS were collected; two 0.5 133 mm sections were cut and the NTS was punched out using an 18G needle. Total RNA was extracted 134 using Trizol reagent (Life Technologies). Two-step quantitative real time RT-PCR was performed for gene 135 expression determination. One microgram of total RNA was reverse-transcribed into first-strand cDNA 136 using the RevertAid First Strand cDNA Synthesis Kit (Fermentas), and the resulting cDNA product was 137 then quantified using iQ SYBR Green Supermix Kit (Bio-Rad Laboratories) on iQ5 Multicolor Real-Time 138 PCR Detection System (Bio-Rad Laboratories). Primers were obtained from Integrated DNA 139
Technologies. β-actin was used as an internal control. 140
141

NTS immunohistochemistry 142
Cryostat sections (12 μm) of brainstems from AAVGFP animals (n=6) were immunostained for TH or TH 143 in combination with NPY. Nonspecific background was blocked by a 30 min incubation at 37°C with 20% 144 goat serum. Slices were incubated with primary antibodies (mouse anti-TH at 1:500, cat. # LS-C85507, 145
LifeSpan Biosciences, or rabbit anti-NPY at 1:200, DiaSorin) for 2.5 hours at 37°C, washed three times in 146 PBS, and incubated with secondary antibody (Alexa Fluor goat anti-mouse 546 or 350 or goat anti-rabbit 147 546 at 1:200; Life Sciences). Sections were examined on a Zeiss Axio Imager. 148 149 Experiment 2 150 TH neuron activation in response to CCK 151 Animals were fasted for two hours prior to an injection of either CCK (3.2 nmol/kg i.p.; n=3) or saline 152 (i.p.; n=3). Fifteen minutes after injection, animals were deeply anesthetized via isoflurane inhalation 153 (Baxter) and transcardially perfused with cold saline, followed by 4% PFA. Brainstems were removed and 154 post-fixed for two hours in 4% PFA before being stored in 25% sucrose. 155
Cryostat sections (12 μm) of brainstems were used for immunohistochemistry. Non-specific background 156 was blocked by a 30 min incubation at 37°C with 20% goat serum. Slices were incubated with primary 157 antibodies (mouse anti-TH at 1:500, cat. # LS-C85507, LifeSpan Biosciences, or rabbit anti-p-TH at 1:200, 158 cat. #3370S, Cell signaling) for 2.5 hours at 37°C, washed three times in PBS, and incubated with 159 secondary antibody (Alexa Fluor goat anti-mouse 488 or goat anti-rabbit 546 at 1:200, Life Sciences). Animals were anesthetized with a ketamine/xylazine mixture. They were placed in a stereotaxic 166 apparatus and implanted with chronic indwelling stainless steel cannula aimed at the fourth cerebral 167 ventricle (coordinates: 2 mm anterior to the extremity of the occipital bone, 7.2 mm ventral to the dural 168 surface). Rats were permitted to recover from cannula implantation for one week after surgery. Animals 169 were then habituated for at least four consecutive days to 4 th ventricle injection and a feeding schedule 170
in which food was removed from the cages four hours prior to dark onset and returned to the cages two 171 hours into the dark cycle. Accurate cannula placement was verified during brainstem sectioning after 172 animals were sacrificed. 173
On experimental days, animals were fasted for four hours, then received a 4 th ventricle injection of 174 either saline or NPY (5 nmol). Two hours following icv injection, animals received another injection of 175 either CCK (3.2 nmol/kg i.p) or saline (i.p). Food was returned to the cages, and food intake was 176 measured 30 min later. Each animal received the four treatment combinations (Saline/Saline, 177 Saline/CCK, NPY/Saline, and NPY/CCK) with at least two days in between experimental days. 178
TH and p-TH protein levels 180
Animals received the same treatment as described above. Fifteen min after the second injection (CCK or 181 saline i.p.), animals were anesthetized by isoflorane inhalation (Baxter) and sacrificed by decapitation. 182
Brains were removed, frozen in dry ice and preserved at -80˚C. 183 NTS nuclei were punched from animals' brainstems using a cryostat. Brainstems were sectioned until 184 apparition of the Central Canal (Plate 76-78 of the Paxinos and Watson Rat Brain Atlas (34)). two 0.5 mm 185 sections were cut and the NTS was punched out using an 18G needle. Ten μg of protein was used, 186 samples were loaded in precast 4-12% Tris-acetate gels, and the gels were run for 50 min at 200 V. The 187 proteins were transferred (one hour at 100 V) from the gels to polyvinylidene difluoride membranes. 188
Skim milk (10%) in TBS-Tween 20 (m-TBST) was used to block non-specific binding. Membranes were incubated with primary antibodies diluted in 10 ml 10% m-TBST (β-actin, 2μl, Sigma cat. # 2228; TH, 10 190 μl, Millipore cat. # ab152; p-TH, 10μl, Millipore cat. # ab5423). Secondary antibodies (10μl) were also 191 diluted in 10 ml 10% m-TBST (anti-rabbit IgG, horseradish peroxidase-linked, Cell Signaling cat. # 7074). 192
The membranes were exposed to film for three min, and the films were analyzed using Image Studio Lite We characterized the feeding response to exogenous CCK8-S (3.2 nmol/kg) in animals injected with AAV 213 vector to either overexpress or knock down DMH NPY. In the control groups, AAVshCTL for NPY 214 knockdown and AAVGFP for NPY overexpression, animals significantly reduced their 30-min food intake 215 in response to CCK compared to saline. Changes in NPY gene expression in the DMH did not significantly 216 alter baseline (saline) intake and there was no difference in CCK response between the two control 217 groups. Knockdown of DMH NPY resulted in an increase in CCK-induced satiety. AAVshNPY animals 218 reduced their food intake in response to i.p. CCK significantly more than the AAVshGFP rats. Conversely, 219 overexpression of NPY in the DMH blunted the animals' response to exogenous CCK. AAVNPY rats' 220 intake following CCK treatment was significantly greater than AAFGFP animals' intake and did not differ 221 from baseline intake ( Figure 2 ). It should be noted that although manipulations of NPY expression in the 222 DMH did not affect 30 min intake (saline treatment) as compared to their own controls (AAVshCTL 223 4±0.3g vs. AAVshNPY 4.2±0.4g, ns and AAVGFP 2.1±0.5g vs. AAVNPY 1.4±0.4g, ns), the baseline intakes 224 between the two cohorts appear to differ. The reason for this difference is unclear. Since we did not 225 record food intake prior to experimental manipulations, we do not know whether experimental 226 manipulations could cause this difference." 227 228
Changes in DMH NPY gene expression affect TH expression in the NTS 229
We used AAVshNPY and AAVNPY animals to test if changes in DMY NPY gene expression will affect TH 230 gene expression in the NTS. We found that knockdown of DMH NPY resulted in a significant increase in 231 TH expression in the NTS. AAVshNPY animals had significantly higher levels of TH expression in the NTS 232 than AAVshGFP rats. Conversely, overexpression of NPY in the DMH led to a significant decrease in TH 233 expression in the NTS (Figure 3 ). 234
DMH neurons project to TH neurons in the NTS 236
Projections from DMH neurons were examined via viral-mediated hrGFP anterograde tracing in AAVGFP 237 animals. Positive hrGFP fibers (green) were found in the brainstem, in particular, in the NTS. We first 238 immunolabeled TH-positive neurons (red) and determined that projections arising from the DMH were 239 terminating in close proximity to catecholaminergic NTS neurons ( Figure 4A ). We then stained the NTS 240 for TH-positive neurons (blue) and NPY positive fibers (red). We found that there were projections from 241 the DMH as hrGFP-positive fibers contained NPY (labeled in yellow) and they were in proximity to 242 catecholaminergic neurons in the NTS ( Figure 4B ). 243 244 Experiment 2 245
Exogenous CCK activates TH neurons in the NTS 246
We used immunohistochemistry to label TH-positive neurons (green), as well as phosphorylated TH 247 (p-TH, red) in the NTS of rats receiving i.p. injection of saline or CCK. TH-positive neurons were identified 248 in the NTS following both treatments. Saline injection did not induce TH phosphorylation, whereas 249 exogenous CCK led to TH phosphorylation in about 50% of TH positive neurons ( Figure 5 ). Exact 250 enumeration of TH and p-TH positive neurons can be found in Table 1 . 251 252 Experiment 3 253
Pre-administration of icv NPY blunts CCK-induced satiety 254
To further examine NPY and CCK interaction, animals received a 4 th ventricle icv injection of either saline 255 or NPY (5 nmol) two hours prior to an i.p. injection of either saline or CCK (3.2 nmol/kg). 4th ventricle 256 NPY administration at this dose did not significantly increase food intake, and there was no difference in 257 food intake between the saline/saline and NPY/saline groups. CCK significantly reduced food intake at 258 30 min when combined with an icv saline injection. However, pre-administration of NPY blunted 259 CCK-induced satiety, and animals' consumption following CCK treatment was not reduced compared to 260 baseline and was significantly increased compared to the control group ( Figure 6 ). 261 262 4 th ventricle administration of NPY leads to a decrease in TH protein levels in the NTS and a reduction in 263 phosphorylated TH in response to CCK 264
We characterized TH protein and phosphorylated TH protein levels in the NTS of animals that had 265 received a 4 th ventricle icv injection of either saline or NPY (5 nmol) two hours prior to an i.p. injection of 266 either saline or CCK (3.2 nmol/kg). CCK injection had no significant effect on total TH levels and there 267 was no significant effect of icv or i.p. treatments on total TH levels. However, administration of NPY into 268 the 4 th ventricle significantly reduced TH protein levels in the NTS (NPY vs. Saline, p<0.01) ( Figure 7A) . 269
Because we have found that NPY treatment reduced the amount of total TH, p-TH was quantified in 270 comparison to β-actin rather than total TH. There was no interaction between the i.p. and icv treatment. The present study aimed to deepen our understanding of the interplay between the hypothalamus and 281 hindbrain in the control of food intake. We have focused on DMH NPY signaling, which has previously 282 been shown to play a critical role in the development of hyperphagia in the OLETF rat model, notably via 283 an increase in meal size (4, 43), which is traditionally thought of as being regulated by gut-originating 284 inhibitory sensory feedback (14) . In this study, we determined a pathway by which DMH NPY interacts 285 with gut signals to regulate food intake. We found that DMH NPY gene expression affected 286 catecholaminergic signaling in the NTS to modulate the action of the satiety peptide CCK. Viral mediated 287 changes in DMH NPY gene expression modulated CCK's ability to reduce food intake; overexpression of 288 DMH NPY blunted exogenous CCK action, while knockdown of DMH NPY had the opposite effect. 289
Additionally, we revealed that changes in DMH NPY gene expression were negatively correlated with 290 changes in NTS TH expression. DMH NPY overexpression resulted in a decrease in NTS TH expression, 291 while knockdown of DMH NPY again produced the opposite effect. We questioned whether DMH 292 neurons directly project to the NTS to regulate NTS TH expression. Using viral-mediated hrGFP 293 anterograde tracing in combination with immunohistochemistry, we found projections arising from the 294 DMH in the NTS. Importantly, some of these projections were also positively labelled for NPY. As we had 295 previously found that manipulation of DMH NPY gene expression causes changes in NTS NPY levels but 296 not in NTS NPY gene expression (43), we concluded that NPY containing fibers project from the DMH to 297 the NTS and that changes in DMH NPY gene expression lead to changes in NTS NPY contents. 298 NPY-containing fibers arising from the DMH were found in close proximity to TH neurons. This is critical, 299 as CCK has been shown to signal via activation of TH neurons in the NTS (1, 36). 300 301 Using immunohistochemistry, we first confirmed that exogenous administration of CCK led to TH 302 phosphorylation in the NTS (1). We found CCK-induced TH phosphorylation in about 50% of the NTS 303 TH-positive neurons. To test if changes in NTS NPY levels could influence CCK-induced satiety and 304 catecholaminergic signaling, we administered NPY directly into the 4 th ventricle of intact rats. NPY 305 treatment blunted CCK-induced satiety and overall TH neuronal activation by decreasing total TH 306 protein levels. In this case, the ratio of phosphorylated to total TH protein was unchanged suggesting an 307 effect of NPY on total TH expression rather than on TH phosphorylation. We concluded from these data 308 that central NPY descending signals affect CCK-induced satiety, at least in part, via modulation of NTS 309 catecholaminergic neuronal signaling to regulate food intake (Figure 8 ). 310
311
Our study supports a role for DMH NPY in modulating NTS TH gene expression and TH protein levels. TH 312 is the rate limiting enzyme in catecholamine biosynthesis, and changes in TH activity have been shown 313 to regulate catecholamine synthesis (26, 33) . CCK is believed to signal via activation of NTS TH neurons; 314 in the present study, we found that an exogenous CCK injection (3.2 nmol/kg) induced TH 315 phosphorylation in about 50% of the NTS TH positive neurons. Previous studies on rats have reported 316 that between 10% and 70% of NTS TH neurons are activated in response to CCK, with CCK doses varying 317 between 2.75 nmol/kg and 100 µg/kg (≈9 nmol/kg) (27, 28, 36, 42) . NTS TH neuronal activation 318 increases with CCK dosage (28). Crucially, NTS catecholamine lesions significantly reduce CCK-induced 319 satiety, and CCK's ability to decrease food intake is strongly correlated to the number of surviving NTS 320 TH neurons (35). Taken together, these data show that CCK acts, at least partially, via activation of NTS 321 TH neurons to decrease intake. TH phosphorylation has been shown to be a marker of TH neurons 322 activity (11). Exogenous CCK administration leads to an ERK-dependent TH phosphorylation (1) and ERK 323 activation has been shown to mediate CCK-induced satiety (39). Our data confirmed CCK-induced TH 324 phosphorylation and showed that a decrease in TH phosphorylation was associated with a reduction in 325 CCK-induced satiety. While these results suggest that CCK action is mediated via TH phosphorylation, we 326 do not currently have direct evidence of the necessity of TH phosphorylation for CCK action. Several 327 central signals have been shown to modulate CCK action, notably leptin, which can enhance 328 CCK-induced satiety (12, 20) . Leptin increases NTS TH neuronal activation in response to CCK, identifying 329 NTS catecholaminergic neurons as potential mediators of the interaction between central and 330 peripheral signaling (42). 331 332 TH phosphorylation has been shown to increase the enzyme activity and catecholamine release (26). TH 333 activity can also be modulated on the long term via changes in TH protein level. The amount of TH 334 protein synthetized has been shown to be regulated at the gene level, via mRNA production, but also by 335 post-transcriptional processes, including alternative RNA processing, regulation of RNA stability and 336 translation regulation (23). TH mRNA levels have previously been shown to be modulated by corticoids, 337 cold, stress and drug administration (23). Additionally, TH mRNA levels have been linked to feeding 338 status; administration of long-acting glucagon-like peptide 1 agonist exendin-4 (EX-4) leads to a decrease 339 in food intake associated with reduction in hypothalamic NPY gene expression and increase in 340 mesolimbic TH expression (44). Central leptin treatment also reduces intake and NPY hypothalamic 341 expression, similarly these changes were associated with an increase in TH expression in the forebrain 342 (41). In both cases, changes in TH mRNA levels were observed 2 hours post treatment. Faster changes in 343 TH protein levels have also been reported. Brainstem TH protein levels have been shown to be regulated 344 by the ubiquitin-proteasome system (UPS) and changes in TH protein levels have been observed within 345 30min of treatment with an UPS inhibitor(8). Additionally, in rats treatment with EX-4 led to a significant 346 increase in VTA TH protein within 15 minutes (31). Because of the timeline of our experiments, protein 347 quantifications were measured 2hrs15min post icv injection, changes in TH proteins levels in response to 348 NPY are likely due to regulation in gene expression and mRNA production. This is also in accordance with data from our first experiment, where NTS TH expression was modulated by DMH NPY gene expression, 350 however we did not measure NTS TH gene expression in response to an increase in NTS NPY contents. 351
We had previously found that manipulation of DMH NPY gene expression resulted in changes in NTS 352 NPY content, but not NTS NPY gene expression (43). In this study, we found evidence of NPY-containing Moreover, there are NPY-expressing cells in the LH (29) and in the PVN (19, 21) that might project to the 363 NTS, as well. Oxytocin-containing fibers from the PVN have also been shown to project to the NTS, and 364 activation of these neurons enhance CCK-induced satiety (7). Interestingly, oxytocin receptor antagonist 365 injection within the DMH has been found to modulate NTS TH neuronal activation in response to feeding 366 (40). Thus, while our data support a direct connection from DMH NPY neurons to the NTS, we cannot 367 rule out the possibility that other neuronal populations within the DMH may be involved in regulating 368 NTS NPY content or the existence of an indirect pathway between DMH NPY neurons and the NTS. 369
370
We have shown that changes in DMH NPY gene expression result in changes in NTS NPY content (43) . To 371 test whether DMH NPY effects on CCK action may be modulated via alteration in NTS NPY content, we 372 injected NPY directly into the 4 th ventricle of naïve rats. We found that pre-treatment with NPY 373 significantly blunted the ability of CCK to reduce food intake. As DMH NPY projections were found in 374 close proximity to NTS TH neurons and changes in DMH NPY gene expression resulted in changes in NTS 375 TH expression, we investigated a potential role for NTS NPY in regulating TH activity. TH activity can be 376 regulated via phosphorylation and/or changes in TH protein levels (23). We quantified TH and p-TH 377 protein levels following an icv injection of either NPY or saline two hours prior to an i.p. injection of 378 either CCK or saline; we found that NPY treatment reduced the amount of total TH protein levels. CCK 379 injection led to an increase in p-TH protein when combined with saline icv administration, but this effect 380 was blunted by NPY pre-treatment. Interestingly, there was no difference in p-TH: total TH ratio between the saline/CCK and NPY/CCK groups. We concluded that NPY reduces TH phosphorylation in 382 response to CCK by decreasing TH protein levels and consequently, the amount of enzyme available for 383 phosphorylation. NPY did not affect TH phosphorylation. Similarly, leptin has previously been shown to 384 enhance CCK action in vagal afferent neurons by increasing the cytoplasmic pool of a transcription 385 factor, EGR-1 (early growth response protein 1), but did not affect the actual activation step, EGR-1 386 translocation (13). 387
Our data support a direct connection between the DMH and the NTS and a role for NPY in transmitting 388 information from the hypothalamus to the hindbrain. Other peptides may also be involved in 389 transmitting signals from DMH NPY neurons to the NTS to regulate CCK function. Injection of a cAMP 390 agonist (Sp-cAMP) in the hypothalamus has notably been shown to inhibit NPY-induced feeding, and 391
Sp-cAMP administration specifically increases the active protein kinase A (PKA) activity in the DMH (38), 392 suggesting that NPY in the DMH could signal via inhibition of cAMP level and PKA activity to promote 393 food intake. This is particularly interesting as TH has been shown to be phosphorylated by 394 c-AMP-dependent PKA (16). This possibility merits further investigation. 395
Overall, we found that changes in DMH NPY gene expression modulate CCK-induced satiety. 396
Physiologically, DMH NPY gene expression has been shown to be upregulated by food restriction (5, 19) 397 or during period of hyperphagia, such as early post-natal development and lactation (24). Our data 398 suggest that when energy stores are depleted or extra energy is required, elevation in DMH NPY gene 399 expression can lead to an increase in meal size and food intake via a decreased sensitivity for 400 gut-originating feedback signals. Inversely, when energy storage increases, leptin has been shown to 401 restrict food intake by enhancing CCK-induced satiety (13). 402
Additionally, changes in DMH NPY gene expression may be crucial in the etiology of obesity. In rats, CCK 403 sensitivity has been reported to decrease after five to six weeks of high fat diet exposure, and loss in 404 CCK sensitivity is concurrent with the development of hyperphagia and rapid weight gain (12). OLETF 405 rats display an increase in DMH NPY gene expression before the onset of obesity (4), and an increase in 406 DMH NPY gene expression and the consequential loss in CCK sensitivity may be the triggering factor in 407 the development of hyperphagia. 408 409
Perspectives and Significance 410
Previous studies have established a role for DMH NPY in the control of food intake (3, 4); however the 411 neural pathways by which NPY modulates food intake, especially meal size, remain unclear. The present 412 study improves our understanding of the interplay between DMH NPY signaling and feeding-related 413 feedback signals. We found that changes in DMH NPY gene expression could affect CCK induced satiety 414 via modulation of brainstem catecholamine neuronal signaling. This work supports a therapeutic action 415 of DMH NPY knockdown against hyperphagia and provides potential target(s) for the treatment of blunted the response to exogenous CCK (AAVGFP -1.3±0.7g vs. AAVNPY +0.1±0.3g, p<0.05). 572 573
Figure 3. Changes in DMH NPY expression affect NTS TH expression 575
Knocking down DMH NPY resulted in a significant 52% increase in TH expression in the NTS (AAVshCTL  576 vs. AAVshNPY, p<0.05). Conversely, overexpression of NPY in the DMH led to a significant 33% decrease 577 in TH expression in the NTS (AAVGFP vs. AAVNPY, p<0.01). 578 579
Figure 4A. DMH neurons project to NTS, in close proximity to TH neurons 581
Projections from the DMH were followed via viral-mediated hrGFP expression (green) in AAVGFP 582 injected animals (n=6). TH-positive neurons were labeled in red. There were projections from the DMH 583 to the NTS, in close proximity to TH neurons (AP: Area Postrema). 584 585 586 Figure 4B . DMH projections to the NTS contain NPY 587
Projections from the DMH were followed via viral-mediated hrGFP expression (green) in AAVGFP 588 injected rats (n=6). NPY was stained in red, and TH-positive neurons were labeled in blue. Some 589 projections from the DMH to the NTS contained NPY (showing in yellow) and could be found in close 590 proximity to TH neurons (white arrows). 591 592 30 min food consumption (g) in response to an i.p. CCK injection (3.2 nmol/kg) compared to a saline 607 injection in rats that 2 hrs prior had received icv administration of either saline or NPY (5 nmol). There 608 was no significant difference in baseline intake following icv administration of saline or NPY (5.3±2.4g vs. 609 6. 3±2.9g, p=0.4, ns) . Exogenous CCK significantly reduced 30 min food intake when combined with an icv 610 saline injection (Saline/Saline 5.1±0.7g vs. Saline/CCK 2.3±0.7g, p<0.05). icv NPY administration two 611 hrs prior to CCK injection blunted CCK-induced satiety. Intake following CCK injection was not different 612 from baseline and was significantly greater than in the control group (Saline -3.0±0.8g vs. NPY -0.8±0.8g, 613 p<0.05). 614 615 amount of total TH, p-TH was quantified in comparison to βactin. CCK injection led to a significant 629 increase in TH phosphorylation levels in the NTS in saline pre-treated animals (p<0.01). 630
Pre-administration of NPY blunted the effects of CCK-induced TH phosphorylation (Saline/CCK vs. 631 NPY/CCK, p<0.01). 632 633
Figure 8. Proposed pathway linking changes in DMH NPY expression and CCK sensitivity 635
Based on the data presented in this paper, we propose the following model: an increase in DMH NPY 636 expression leads to an increase in DMH NPY content. NPY fibers transport NPY to the NTS, leading to an 637 increase in NTS NPY content. Within the NTS, NPY binds to the Y1R on TH neurons, triggering a decrease 638 in TH expression and TH protein levels. Ultimately, the pool of TH enzyme available for phosphorylation 639 is reduced, resulting in a decrease in the quantity of phosphorylated TH in response to CCK and a 640 decrease in CCK-induced satiety. Conversely, a decrease in DMH NPY expression will result in an increase 641 in NTS TH expression and NTS TH protein levels, increasing the pool of TH enzyme available for 642 phosphorylation, resulting in an increase in TH phosphorylated in response to CCK and an increase in 643 CCK-induced satiety. 
Figure 3. Changes in DMH NPY expression affect NTS TH expression
Knocking down DMH NPY resulted in a significant 52% increase in TH expression in the NTS (AAVshCTL vs. AAVshNPY, p<0.05). Conversely, overexpression of NPY in the DMH led to a significant 33% decrease in TH expression in the NTS (AAVGFP vs. AAVNPY, p<0.01). Figure 6 . 4 th ventricle icv pre-administration of NPY blunts exogenous CCK-induced satiety 30 min food consumption (g) in response to an i.p. CCK injection (3.2 nmol/kg) compared to a saline injection in rats that 2 hrs prior had received icv administration of either saline or NPY (5 nmol). There was no significant difference in baseline intake following icv administration of saline or NPY (5.3±2.4g vs. 6.3±2.9g, p=0.4, ns). Exogenous CCK significantly reduced 30 min food intake when combined with an icv saline injection (Saline/Saline 5.1±0.7g vs. Saline/CCK 2.3±0.7g, p<0.05). icv NPY administration two hrs prior to CCK injection blunted CCK-induced satiety. Intake following CCK injection (NPY/CCK) was not different from baseline (NPY/Saline) and was significantly greater than in the control group (Saline/CCK -3.0±0.8g vs. NPY/CCK 0.8±0.8g, p<0.05). Figure 7A . 4 th ventricle administration of NPY decreases TH NTS protein levels TH protein levels in the NTS of animals that had received a 4 th ventricle injection of saline or NPY (5 nmol) prior to an i.p. injection of saline or CCK (3.2 nmol/kg). There was no significant effect of the i.p. treatment and no effect of 4 th ventricle injection and i.p. injection on total TH protein levels in the NTS. However, there was a significant effect of 4 th ventricle treatment; administration of NPY led to a significant decrease in TH protein levels in the NTS (p<0.05). Because NPY treatment reduced the amount of total TH, p-TH was quantified in comparison to βactin. CCK injection led to a significant increase in TH phosphorylation levels in the NTS in saline pre-treated animals (p<0.01). Preadministration of NPY blunted the effects of CCK-induced TH phosphorylation (Saline/CCK vs. NPY/CCK, p<0.01). 
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Figure 8. Proposed pathway linking changes in DMH NPY expression and CCK sensitivity
Based on the data presented in this paper, we propose the following model: an increase in DMH NPY expression leads to an increase in DMH NPY content. NPY fibers transport NPY to the NTS, leading to an increase in NTS NPY content. Within the NTS, NPY binds to the Y1R on TH neurons, triggering a decrease in TH expression and TH protein levels. Ultimately, the pool of TH enzyme available for phosphorylation is reduced, resulting in a decrease in the quantity of phosphorylated TH in response to CCK and a decrease in CCK-induced satiety. Conversely, a decrease in DMH NPY expression will result in an increase in NTS TH expression and NTS TH protein levels, increasing the pool of TH enzyme available for phosphorylation, resulting in an increase in TH phosphorylated in response to CCK and an increase in CCK-induced satiety.
